ABSTRACT: A 2 × 2 factorial experiment was carried out to evaluate the effect of herbage or concentrate feeding and dietary tannin supplementation on fatty acid metabolism and composition in sheep ruminal fluid, plasma, and intramuscular fat. Twenty-eight male lambs were divided into 2 equal groups at 45 d of age and kept in individual pens. One group was given exclusively fresh herbage (vetch), and the other group was fed a concentrate-based diet. Within each treatment, one-half of the lambs received supplementation of quebracho powder, providing 4.0% of dietary DM as tannins. Before slaughter, blood samples were collected. The animals were slaughtered at 105 d of age, and ruminal contents and LM were collected. Blood plasma, ruminal fluid, and LM fatty acid composition was determined by gas chromatography. Tannin supplementation reduced (P < 0.05) the concentration of stearic acid (−49%) and increased the concentration of vaccenic acid (+97%) in ruminal fluid from concentrate-fed lambs. Within concentrate-and herbage-based diets, tannin supplementation reduced the accumulation of SFA in blood (P < 0.05) compared with lambs fed the tannin-free diets. When tannins were included in the concentrate, the LM contained 2-fold greater concentrations of rumenic acid compared with the LM of the lambs fed the tannin-free concentrate (0.96 vs. 0.46% of total extracted fatty acids, respectively; P < 0.05). The concentration of PUFA was greater (P < 0.05) and SFA (P < 0.01) less in the LM from lambs fed the tannin-containing diets as compared with the animals receiving the tannin-free diets. These results confirm, in vivo, that tannins reduce ruminal biohydrogenation, as previously reported in vitro. This implies that tannin supplementation could be a useful strategy to increase the rumenic acid and PUFA content and to reduce the SFA in ruminant meats. However, the correct dietary concentration of tannins should be carefully chosen to avoid negative effects on DMI and animal performance.
INTRODUCTION
Ruminant products contain increased concentrations of SFA that are associated with increasing risk of cardiovascular diseases (Kromhout et al., 1995) . However, ruminant meat and milk contain a family of fatty acids, CLA, which possess beneficial biological activities in mammals. The cis-9, trans-11 CLA (rumenic acid, RA) has been shown to reduce the incidence of cancer (Ip et al., 1991) , diabetes (Houseknecht et al., 1998) , and atherosclerosis (Lee et al., 2005) . The CLA content of meat and milk is strongly linked to the ruminal biohydrogenation (BH) of cis-9, cis-12 C18:2 (linoleic acid, LA) and cis-9, cis-12, cis-15 C18:3 (linolenic acid, LNA). During BH, LA and LNA are gradually isomerized and saturated to form several 18 carbon diene and monoene isomer intermediates; the final product of this pathway is C18:0 (stearic acid, SA; Bessa et al., 2007) . The rate and the extent of this pathway are strongly dependent on the diet of the animal (Sackmann et al., 2003) . Moreover, RA can also be formed endogenously in the muscle or in the mammary gland from trans-11 C18:1 (vaccenic acid, VA) through the action of Δ 9 -desaturase enzyme (Corl et al., 2001) .
Several feeds used for ruminants contain tannins. Tannins are phenolic compounds that interfere with the digestive processes by binding with dietary proteins and by reducing the activity of ruminal microorganisms (Priolo et al., 2000) . It has been shown that dietary tannins reduce ruminal BH in vitro (Khiaosa-Ard et al., 2009; Vasta et al., 2009a) and increase muscle Δ 9 -desaturase protein expression (Vasta et al., 2009b) in sheep.
Here we have investigated, for the first time, the effect of dietary tannins, supplemented in green herbage or concentrates, on the metabolism and the composition of octadecenoic fatty acids in sheep ruminal fluid, plasma, and muscle.
MATERIALS AND METHODS
The trial was conducted at an experimental farm of the University of Catania (Italy). The protocol was approved by the University of Catania and by the Italian Ministry of University and Scientific Research. Animals were personally handled by the authors for the duration of the trial. Data for meat odor and flavor, concentration of indoles in ruminal fluid and adipose tissue, and the main fatty acid profile of LM including Δ 9 -desaturase protein expression from the same experiment have been published elsewhere (Priolo et al., 2009; Vasta et al., 2009b) .
Experimental Design, Animals, and Diets
Twenty-eight male Comisana lambs, born in midJanuary 2007, were weaned at 45 d of age [average initial BW 20.6 ± 3.4 (SD) kg] and divided according to a completely randomized experimental design with a 2 × 2 factorial arrangement of treatments to evaluate the effects of feeding system (herbage vs. concentrate) and supplementation (tannin vs. none). All lambs were kept in individual pens for the duration of the trial. Lambs were adapted to the experimental diets over 7 d. During this period, they received the same commercial starter concentrate used for weaning, with gradual increases in the amount of the experimental feeds and in the amount of tannins supplemented. A 60-d experimental period was conducted after the 7-d adaptation. During the experimental period, 14 lambs (herbage feeding system) were fed vetch (Vicia sativa; a legume herbage not containing tannin) to 15% refusal to allow ad libitum intake. Vetch was harvested from a field adjacent to the stall, by hand using a sickle, and offered to the animals within 2 h after harvesting. The remaining 14 lambs (concentrate feeding system) received a pelletted concentrate that contained (as fed basis): barley (551 g/kg), alfalfa hay (300 g/kg), soybean meal (130 g/ kg), and mineral premix (19 g/kg). Within each feeding system, one-half of the lambs (i.e., 7 fed vetch and 7 fed concentrate) also received supplementation with quebracho tannins (Schinopsis lorentzii, Figli di Guido Lapi S.pA., Castelfranco di Sotto, Pisa, Italy; 456 g of equivalent tannic acid/kg of DM). Quebracho tannin was chosen because it is commercially available. For the concentrate-fed lambs, quebracho powder was included in the concentrate before pelletting at a temperature of 40°C. Quebracho DM was 92.5%, whereas concentrate DM was 88.5%. For each 1,000 g of DM of concentrate + tannins, 104 g was constituted of quebracho powder, and the remaining 896 g was constituted of concentrate. For the herbage feeding system, the tannin powder was carefully mixed by hand together with the vetch. All of the powder adhered to the vetch. Vetch was daily dried in an oven set at 105°C, and when a constant weight was attained, the DM was calculated. Quebracho was added to the vetch at 10.4% DM on the basis of the herbage DM calculated the preceding day. This was done to ensure that the concentration of quebracho tannins in the dietary DM was consistent over the experimental period and that the concentration was the same as that consumed by the concentrate-fed lambs. Considering that quebracho powder had 45.6% (DM basis) of tannins, the quebracho-supplemented diets were formulated to contain 4.7% (DM basis) of tannins.
Refusals of herbage and concentrates were removed and weighed daily at 0800 h before supplying fresh feed for calculation of DMI. All lambs were weighed at 0900 h every week on the same day. For the herbage-fed animals, feed was provided ad libitum. For the concentrate-fed groups, feed was restricted to have similar ADG between animals given herbage and those receiving concentrate (Priolo et al., 2009 ). The amount of concentrate supplied was determined on a weekly basis depending on the ADG of the animals. Water was always available for all animals.
On the last day of the experiment at 3 h after feeding, blood samples (5 mL) were taken from a jugular vein and collected into heparinized tubes (FL Medical, Torreglia, Italy), centrifuged for 10 min at 2,000 × g at 4°C, and the plasma was collected and stored at −30°C. It was not possible to collect the blood from 1 lamb in the herbage feeding group.
Feedstuff Analyses
The herbage was sampled at the beginning, middle, and end of the experimental period. Fatty acids were analyzed according to Demirel et al. (2004) . Briefly, fatty acids in the feed were obtained by hydrolysis with 5 M KOH in 1:1 (vol/vol) methanol:water at 60°C for 3 h. The samples were acidified to pH 1.0 and heated for an additional 1 h before extraction of the fatty acids into light petroleum (boiling point: 40 to 60°C). For the tannin analysis, samples (200 mg) of feed offered (i.e., concentrate, concentrate + tannins, vetch, vetch + tannins, as well as the quebracho product itself) were extracted in triplicate in aqueous acetone (70%, vol/ vol) overnight at 4°C. After centrifugation (3,000 × g, 4°C, 15 min), condensed tannins were measured in supernatant using the butanol-HCl-iron reagent (Porter et al., 1986) and leucocyanidins as standard. Total phenols were analyzed only in feed offered using the Folin-Ciocalteu reagent with tannic acid as a standard Tannins and fatty acid metabolism in sheep (Makkar et al., 1993) . Total phenols and total tannins were expressed as tannic acid equivalents (Table 1) .
Slaughter Procedures and Samplings
Animals were slaughtered at 105 d of age. Animals had access to the experimental diets and water until approximately 15 min before slaughter. Lambs were stunned by a captive bolt and exsanguinated.
The whole ruminal content was collected within 10 min of slaughter. Ruminal fluid was mixed and then filtered through a cheesecloth layer. Ruminal fluid pH was measured by a pH-meter (Orion 9106, Orion Research Inc., Boston, MA). An aliquot of ruminal fluid was immediately stored at −30°C pending fatty acid analysis.
The right LM (10th to 13th ribs) was excised within 20 min of slaughter and was immediately immersed in liquid nitrogen for 90 s, wrapped in aluminum foil, vacuum-packed, and stored at −80°C for analyses.
Fatty Acid Analyses
Ruminal fluid and plasma fatty acids were methylated by direct transesterification (Kramer et al., 1997) . Five grams of ruminal fluid or 1 g of plasma was added to 2 mL of acetyl chloride in methanol (5% vol/vol) and incubated at 50°C overnight. The C9:0 and C23:0 were added together before methylation as internal standards. The fatty acid methyl esters (FAME) were extracted with hexane, filtered over anhydrous sodium sulfate, and dried under nitrogen. The FAME were resuspended in 0.5 mL of hexane.
Intramuscular fatty acids were extracted as described in Vasta et al. (2009b) . Briefly, 1 g of LM was hydrolyzed for 2 h at 60°C with 5 M KOH in 1:1 (vol/ vol) methanol:water followed by acidification with 5 M H 2 SO 4 and then extracted in petroleum ether. Diazomethane in diethyl ether was used as a methylating agent, and heneicosanoic acid (C21:0) was used as an internal standard before hydrolysis. The FAME were resuspended in 0.5 mL of hexane.
Fatty acids methyl esters were analyzed by GLC using a GC 8000 TOP gas chromatograph (Thermo Fisher Scientific Inc., Milan, Italy) equipped with a 100-m WCOT CP-Select capillary column (i.d., 0.25 mm; film thickness, 0.25 μm; Chrompack, Middelburg, the Netherlands) and a flame-ionization detector. Fatty acids from ruminal fluid and plasma were determined by means of the following GLC conditions: the oven temperature was programmed at 60°C for 5 min and then was ramped at 15°C/min to 170°C and maintained for 44 min. Then the temperature was increased at a rate of 1°C/min up to 202°C, and this temperature was held for 1 min. Finally, the temperature was ramped at 3°C/min to 230°C and held for 9 min. Helium was used as carrier gas at constant inlet pressure (250 kPa). Inlet and detector temperatures were 270 and 300°C, respectively. For the first 2 min the instrument operated in splitless mode, and then the split ratio was 80:1.
Intramuscular fatty acids were determined by means of the following GLC conditions: the oven temperature was programmed at 170°C and held for 30 min, then increased to 180°C at a rate of 0.3°C/min, held for 1 min, increased to 225°C at 2.6°C/min, and held for 15 min. Inlet and detector temperatures were 270 and 300°C, respectively. Helium was used as carrier gas at constant inlet pressure (250 kPa). Individual FAME were identified by comparison with a standard mixture of 37 component FAME Mix (Supelco 47885-U, Supelco, Bellefonte, PA). The identification of isomers of C18:1 was based on commercial standard mixtures and published isomeric profiles (Kramer et al., 2008) . Using the chromatographic conditions described above, RA and trans-7, cis-9 C18:2 co-eluted. However, considering that RA is present in ruminants at much greater concentrations than the other conjugated C18:2, here and elsewhere we will refer to the peak comprising RA and trans-7, cis-9 C18:2 as RA only. Vasta et al.
Statistical Analysis
Data were analyzed as a completely randomized design using the GLM procedure (Minitab Inc., State College, PA). The model included the feeding system (herbage or concentrate) and supplement (tannin or none) as fixed factors and the interaction between the 2 factors. When the interaction was significant (P < 0.05), the means were separated using Tukey's test. Individual animals were considered as experimental units for all comparisons.
RESULTS

DM and Fatty Acid Intakes
Lambs receiving vetch with tannins had less DMI than those fed vetch without tannin supplementation (768 vs. 956 g/d, respectively; P = 0.001). Animals receiving concentrate and concentrate with tannins had similar DMI (777 vs. 769 g/d, respectively; P = 0.89; Priolo et al., 2009) .
The daily intake of LA was not affected by tannin supplementation (P = 0.3) and was greater (P < 0.001) for concentrate-fed lambs as compared with the herbage-fed animals (9.3 vs. 5.3 g/d, respectively). The daily intake of LNA was affected by the feeding system and by tannin supplementation, and the interaction between the 2 factors was significant (P < 0.001). For herbage-fed lambs, tannin supplementation reduced (P < 0.05) intake of LNA (11.1 vs. 13.8 g/d). The intake of LNA was 2.4 g/d for the lambs fed concentrate and 2.2 g/d for those fed concentrate with tannins (P = 0.24).
Fatty Acid Profile in Ruminal Fluid, Plasma, and LM Ruminal Fluid. Neither the feeding system (P = 0.88) nor tannin supplementation (P = 0.47) affected ruminal fluid pH, and the mean pH averaged 6.9 (±0.98). The concentration of C18:0 in ruminal fluid (Table 2) was affected by the feeding system (P = 0.01) and by tannin supplementation (P = 0.009), and the interaction between the 2 factors was significant (P = 0.01). In lambs fed concentrate, tannin supplementation reduced the concentration of C18:0 in ruminal fluid (P < 0.05). The trans-10 C18:1 was affected by the feeding system (P < 0.001) and tannin supplementation (P = 0.02), and the interaction between the factors was significant (P = 0.02). The trans-10 C18:1 was greater for the lambs fed concentrate with tannin compared with the other feeding treatments. In particular, in the ruminal fluid of the lambs fed concentrate, this fatty acid represented 59% of the total trans C18:1 fatty acids, whereas for the herbage-fed lambs trans-10 C18:1 accounted only for 5.6% of the total trans C18:1 fatty acids. Trans-11 C18:1 was affected by tannin supplementation but not by the feeding system, and the interaction between the 2 factors was significant (P = 0.04). For concentratefed lambs, VA was 2-fold greater in the ruminal fluid of the lambs receiving tannin supplementation compared with the lambs not receiving tannins (P < 0.05). Moreover, trans-11 C18:1 represented 65% of the total trans C18:1 fatty acids for the herbage-fed lambs and 23% for concentrate-fed lambs. The concentration of total trans C18:1 fatty acids was affected by tannin supplementation and the feeding system. The interaction between the 2 factors was also significant (P = 0.01). For lambs fed concentrates, the amount of total trans C18:1 fatty acids was 2-fold greater for the animals receiving the tannin supplementation when compared with those receiving the tannin-free concentrate.
Tannin supplementation resulted in a greater percentage of RA in the ruminal fluid compared with those animals not receiving tannin (P = 0.04). The trans-10, cis-12 CLA was not affected by tannin supplementation (P = 0.24) and was found at greater percentage in the ruminal fluid of the lambs fed concentrates compared with lambs offered herbage (P = 0.005). The content of trans-9, cis-11 CLA tended to be greater in the ruminal fluid of lambs fed concentrate (P = 0.06). The total CLA concentration in the ruminal fluid was neither affected by tannin supplementation nor by the feeding system and was 1.66% of total fatty acids. The concentration of LA in the ruminal fluid was neither affected by tannin supplementation (P = 0.11) nor by the feeding system (P = 0.95). However, the interaction between the 2 factors was significant (P = 0.04). The concentration of this fatty acid tended to be greater in the ruminal fluid from lambs receiving the concentrate with tannins compared with those fed the tannin-free concentrate (P = 0.06). Trans-11, cis-15 C18:2 was affected by tannin supplementation (P = 0.05) and was found in greater concentration in the ruminal fluid of the lambs supplemented with tannins compared with the lambs not receiving tannins, regardless of the feeding system.
The content of LNA in ruminal fluid was greater in lambs given the herbage compared with those given concentrate (P = 0.001) and was not affected by tannin supplementation (P = 0.40). The accumulation of the SFA in the ruminal fluid was affected by the feeding system (P < 0.001) and tannin supplementation (P = 0.005), and the interaction between these 2 factors was significant (P = 0.01). In particular, the combination of tannins with concentrate led to 26% less (P < 0.05) concentration of SFA in ruminal fluid compared with the other 3 groups. Tannin supplementation and the feeding system affected the percentage of MUFA in the rumen (P = 0.002 and P < 0.001, respectively). The interaction between the 2 factors was significant (P = 0.007), and the MUFA were found at greater percentage in the ruminal fluid from lambs receiving the concentrate with tannin compared with the other treatments. The accumulation of PUFA in the rumen was increased by tannin supplementation (P = 0.04). The feeding system did not affect the percentages of PUFA in the rumen.
Blood Plasma. The accumulation of C18:0 in blood plasma was not affected by tannin supplementation (P = 0.22) and was greater for the lambs fed herbage compared with those fed concentrate (P < 0.001; Table 3 ). Tannin supplementation decreased the percentages of VA in blood plasma compared with the lambs receiving the tannin-free diets (P = 0.015). Moreover, this fatty acid was found at greater percentages in the plasma of the animals fed herbage compared with those fed concentrate (P = 0.001). The total trans C18:1 fatty acid content was affected by the feeding system (P < 0.001) and tannin supplementation (P < 0.001). Moreover, the interaction between the 2 factors was significant (P < 0.001), and the total trans C18:1 was greater in the blood plasma from the lambs fed the concentrate with tannins compared with the animals fed the other 3 treatments (P < 0.05).
The content of RA in plasma was not affected by tannin supplementation and by the feeding system. However, the interaction between these 2 factors was significant (P = 0.03). The percentage of trans-10, cis-12 CLA was affected by the feeding system (P < 0.001) and, in tendency, also by tannin supplementation (P = 0.06). This fatty acid was found at greater amounts in the plasma of the concentrate-fed lambs compared with the herbage-fed animals. The content of trans-9, cis-11 CLA was undetectable in plasma of lambs fed herbage and negligible in plasma of lambs fed concentrate. The total CLA content was not affected by tannin supplementation or by the feeding system.
In the plasma, LA and LNA were affected by tannin supplementation and by feeding system. Tannins consumption increased (P = 0.001) LA in blood by 32%. When tannins were supplemented to the herbage, LNA increased by 48% and the inclusion of tannins with concentrate increased LNA by 74%. Moreover, LNA had greater concentrations (P < 0.001) in plasma of lambs fed herbage compared with those fed concentrate. The feeding system and tannin supplementation affected the accumulation of SFA in blood. The SFA were decreased in the concentrate-fed lambs compared with those fed herbage (P = 0.001). Tannin supplementation reduced Means within a row not bearing a common superscript letter differ (P < 0.05).
1 T = tannins, FS = feeding system.
2
Σiso BCFA = sum of iso branched chain fatty acids: iso C14:0; iso C15:0; iso C16:0; iso C17:0.
3 Σanteiso BCFA = sum of anteiso branched chain fatty acids: anteiso C15:0; anteiso C17:0. 4 ND = not detectable. Detection limit 0.001%.
5
Σtrans C18:1 = sum of trans 18:1 fatty acids, calculated as the sum of: trans-6 to trans-8 C18:1; trans-9 C18:1; trans-10 C18:1; trans-11 C18:1; trans-12 + cis-7 C18:1; trans-13 + trans-14 C18:1; trans-16 + cis-14 C18:1. the accumulation of SFA in blood (P = 0.04) compared with the lambs fed the tannin-free diets. Neither tannin (P = 0.94) nor the feeding system (P = 0.36) affected the accumulation of MUFA in blood. However, the interaction between the factors was significant (P = 0.006); when included into the concentrate, tannins tended (P = 0.021) to increase the percentage of MUFA in the blood, but tannins tended (P = 0.086) to reduce plasma MUFA when added to herbage. The percentage of PUFA in blood was not different (P = 0.20) between the 2 feeding systems. Tannin supplementation did not affect (P = 0.32) PUFA; however, the interaction between tannin supplementation and the feeding system was significant (P = 0.02). The concentration of PUFA tended to be greater (P = 0.07) in the blood of the lambs fed herbage plus tannin compared with the lambs receiving the herbage without tannin.
Muscle. The accumulation of total fatty acids in muscle was not affected by tannin supplementation (P = 0.55; Table 4 ). The meat of the concentrate-fed lambs had greater (P = 0.004) content of intramuscular fat when compared with that of lambs receiving herbage. Tannin supplementation and the feeding system affected the accumulation of SA in the muscle (P < 0.01). The interaction between the 2 factors was significant (P = 0.007). The inclusion of tannin into the concentrate resulted in a decreased percentage of SA in intramuscular fat compared with that of lambs fed concentrate without tannin (−19%; P < 0.001). The accumulation of VA was not affected by tannin and the feeding system, but the interaction between the 2 factors was significant (P = 0.04). The content of total trans C18:1 was affected by tannin supplementation and by feeding system (P < 0.001). The interaction between the 2 factors was also significant (P < 0.001). When tannin were included into the concentrate, the total trans C18:1 were 2-fold greater in the LM as compared with the muscle of the lambs fed the other treatments.
The concentration of RA in the LM was not affected by tannin supplementation or by the feeding system, and the interaction between the 2 factors was significant (P = 0.02). Tannin supplementation affected LA concentration in the LM (P = 0.001). Although this Σiso BCFA = sum of iso branched chain fatty acids: iso C14:0; iso C15:0; iso C16:0; iso C17:0. Tannins and fatty acid metabolism in sheep fatty acid was not affected by the feeding system, the interaction between the 2 factors was significant (P = 0.03). When tannin was added to the herbage, the concentration of LA in the muscle was increased by 77% compared with the lambs fed herbage without tannin (P < 0.05). Tannin supplementation did not affect LA in the intramuscular fat of the lambs fed the concentrate diets. The concentration of LNA in muscle was greater in herbage-fed compared with concentrate-fed lambs (P < 0.001) and tended (P = 0.07) to increase with tannin supplementation.
Tannin supplementation reduced the accumulation of SFA in the LM (P = 0.007), whereas the feeding system did not affect (P = 0.84) the concentration of these fatty acids in meat. The MUFA content was affected by the feeding system (P = 0.001) and by supplementation with tannins (P = 0.05). Tannins reduced (P = 0.05) the accumulation of MUFA compared with the lambs fed the tannin-free diets. Also, MUFA were found at greater percentages (P = 0.001) in the LM of concentrate-fed lambs compared with the herbage-fed animals. The concentration of PUFA was affected by tannin supplementation (P = 0.02) and feeding system (P = 0.02). The PUFA were found at greater concentration in the muscle from lambs fed the tannin-containing diets compared with those fed a diet without tannin.
DISCUSSION
Several studies have investigated possible feeding strategies to increase PUFA and RA content in meat and milk, via the manipulation of ruminal BH. From the BH of LA and LNA, a large number of trans C18:1 isomers are derived and accumulated in tissues (Mosley et al., 2002; Bessa et al., 2007) . According to Griinari et al. (2000) and Sackmann et al. (2003) , the most effective way to enhance the concentration of RA in ruminant products is to favor the ruminal production of VA. In the muscle (Santora et al., 2000) and in the mammary gland (Griinari et al., 2000) , VA is partially Means within a row not bearing a common superscript letter differ (P < 0.05).
2
Σiso BCFA = sum of iso branched-chain fatty acids: iso C14:0; iso C15:0; iso C16:0; iso C17:0.
3 Σanteiso BCFA = sum of anteiso branched-chain fatty acids: anteiso C15:0; anteiso C17:0.
4
Σtrans C18:1 = sum of trans 18:1 fatty acids, calculated as the sum of: trans-4 C18:1; trans-6 to trans-8 C18:1; trans-9 C18:1; trans-10 C18:1; trans-11 C18:1; trans-12 + cis-7 C18:1; trans-16 + cis-14 C18:1. 5 ND = not detectable. Detection limit 0.001%. Vasta et al. converted to RA by the action of Δ 9 -desaturase enzyme. Recent studies have shown that up to the 93% of the RA in milk originates through endogenous biosynthesis in the mammary gland (Piperova et al., 2002) . Santora et al. (2000) found that in mouse muscle, 48% of the VA available for the bioconversion to RA was effectively desaturated. However, Palmquist et al. (2004) estimated that the conversion of VA to RA in lamb intramuscular fat could take place at a similar extent to that reported for milk. Therefore, feeding strategies that increase VA absorption would be effective in enhancing RA in meat and milk.
Tannins are known for their inhibitory effect upon ruminal microorganisms (Min et al., 2003 (Min et al., , 2005 . However, to our knowledge there is no specific information available in the literature about the interaction between tannins and those microorganisms involved in the BH of PUFA. In recent in vitro studies, the incubation of ruminal fluid with tannins reduced the BH of LA (Vasta et al., 2009a) and of LNA (Khiaosa-Ard et al., 2009 ). This result was attributed to a reduced activity of ruminal microorganisms due to tannins.
In light of our previous results obtained in vitro (Vasta et al., 2009a) , the present study was aimed at manipulating lamb meat fatty acid composition with particular regard to SFA, PUFA, and RA by the inclusion of tannins with different diets. We found that LNA was present at greater concentrations in the muscle of herbage-fed animals when compared with those fed concentrate. This result was expected, has been extensively described in cattle (French et al., 2000) and sheep (Aurousseau et al., 2004) , and is consistent with the increased LNA percentages in green herbage (Valvo et al., 2005) . However, here we have found that LNA in muscle tended to increase with tannin supplementation in herbage and concentrate-fed animals.
Total PUFA were greater and total SFA were less in the LM of tannin-supplemented lambs compared with animals not receiving tannins. The LM fatty acid profile was affected when tannins were added to herbage and concentrate, but in the concentrate the effect of tannins was stronger. Priolo et al. (2005) investigated the LM fatty acid profile of lambs fed a tannin-containing herbage (sulla, Hedysarum coronarium; 1.8% condensed tannins on DM basis) with or without the supplementation of polyethylene glycol (PEG), a binding agent that deactivates the effects of tannins (Silanikove et al., 1996) . In that study, PEG supplementation did not affect meat fatty acid composition. On the contrary, Vasta et al. (2007) showed that when lambs were fed a concentrate containing tannins from carob pods (condensed tannins in the diet = 2.7% on DM basis), the concentration of RA and VA in muscle was increased by PEG supplementation. We suggest that when tannins are added to green herbage, they have a milder effect on ruminal BH than when included with concentrate. The fatty acid profile of the ruminal fluid in the present experiment supports this hypothesis. Previous studies have shown that the BH of LA and LNA is affected by ruminal pH (Van Nevel and Demeyer, 1996; Kalscheur et al., 1997) . In the present work, however, the ruminal fluid pH was not different among treatments, although it was measured only once, at slaughter.
The fact that tannins exerted a stronger effect when supplemented in the concentrate than in the forage can be explained considering the following factors: in the herbage, LA and LNA, the main fatty acids involved in ruminal BH, were 69% of total fatty acids, whereas in the concentrates they were 58% of total fatty acids. Moreover, the NDF content of the vetch was greater compared with the concentrate diet; BH proceeds to a greater extent with increasing NDF levels in the diet (Sackmann et al., 2003) . The microorganisms mainly involved in the BH are cellulolytic strains, such as Butyrivibrio fibrisolvens (Kepler and Tove, 1967) , which are known to proliferate to a greater extent in the rumen of forage-fed ruminants. Also, the residence time of starch-rich feeds in the rumen is shorter compared with fiber-rich feeds (Van Soest et al., 1991) . It is possible that, in the rumen of the herbage-fed lambs, the environment was more favorable for the development of BH than in the rumen of the concentrate-fed animals.
The concentration of VA and RA in the ruminal fluid did not differ between the 2 feeding systems. A similar result has been previously reported for cattle (Loor et al., 2004; Shen et al., 2007) . Vaccenic acid in the rumen originates from the BH of RA, which is derived from LA, and trans-11, cis-15 C18:2, which is derived from LNA (Bessa et al., 2007) . Considering that the herbage contained greater percentages of LA and LNA than the concentrate, we would have expected to find greater concentrations of VA in the rumen of the herbage-fed lambs compared with those fed concentrate. However, this was not the case, probably because the BH proceeded to a greater extent in the herbage-fed lambs compared with the concentrate-fed animals. More complete BH would favor the formation SA from VA. The greater levels of trans-10 C18:1 and of trans-10, cis-12 CLA in the ruminal fluid of the concentrate-fed compared with herbage-fed lambs were expected and are in agreement with previous studies (Piperova et al., 2002; Loor et al., 2004) . Previous research has demonstrated that the ruminal biosynthesis of trans-10 C18:1 and of trans-10 cis-12 CLA is enhanced when animals are fed low-fiber diets (Griinari et al., 1998) .
The increase of RA and PUFA in the ruminal fluid of the tannin-supplemented lambs, demonstrates in vivo, for the first time, that feeding tannins inhibits ruminal BH. In a recent in vitro study it has been reported that tannins reduced ruminal BH through the inhibition of the proliferation of ruminal microorganisms rather than by a direct interaction of tannins with the enzymes that operate in the BH pathway (Vasta et al., 2009a) . In the present study, tannins reduced the concentration of the iso branched chain fatty acids in the rumen. These fatty acids are synthesized by cellulolytic bacteria (Vlaeminck et al., 2006a) and are considered as good predictors and indicators of the activity of ruminal mi-croorganisms (Vlaeminck et al., 2006b) . Therefore, it is likely that tannins reduced the BH through the inhibition of the activity and the proliferation of ruminal microorganisms, confirming the in vitro results.
The RA and VA found in the ruminal fluid originate exclusively through the BH pathway (Griinari et al., 2000) . To evaluate the effects of tannins on the formation and on the fate of RA and VA we calculated the following ratios: RA/LA, VA/RA, and SA/VA in the ruminal fluid. We observed that, regardless of the feeding system, the RA/LA and VA/RA ratios were not affected by tannin supplementation, averaging 0.66 and 9.56, respectively. On the contrary, the SA/VA ratio was significantly less for the lambs fed the concentrate with tannins compared with the lambs fed the tanninfree concentrate (Figure 1 ). No effect of tannin supplementation was observed among the herbage-fed lambs. These results indicate that the last step of BH was affected by tannin to a greater extent than the preceding reactions of the BH pathway. It is known that the conversion of LA to VA is carried out by group A bacteria, whereas the following step of the BH is carried out by group B bacteria (Kemp and Lander, 1984) . Therefore, it is possible to suppose that tannins affected the group B bacteria to a larger extent than the group A bacteria. However, this aspect needs to be further investigated. Vasta et al. (2009a) observed that tannin affected the in vitro conversion of VA to SA to a larger extent than the previous steps of the BH. Recent advances in ruminal BH have shown that also ruminal protozoa are capable of converting LA into RA but not RA into VA (Or-Rashid et al., 2008) . Therefore, although RA originates from the action of bacteria and protozoa, VA is synthesized by bacteria only. This may explain why the first step of the BH pathway was less influenced by tannin supplementation than the subsequent steps.
In the present study the fatty acid composition of the intramuscular fat and of blood generally reflected the ruminal fluid fatty acid profile. However, the effect of tannins on the accumulation of SA, VA, and PUFA was evident in the ruminal fluid and in muscle but not in plasma. This result may be explained by taking into consideration that the proportions of the various families of fatty acids (SFA, MUFA, PUFA) in blood plasma are generally different compared with those present in the ruminal fluid and in the tissues (Bauchart, 1993) . This may have masked the effect of tannins on the presence of certain fatty acids in blood compared with the rumen or the muscle. The transfer of long-chain fatty acids into the tissues is dependent on the partitioning of absorbed fatty acids between chylomicrons and very low density lipoproteins and on their incorporation into triglycerides, cholesteryl esters, or phospholipids (Christie, 1981) . This result suggests that measuring plasma fatty acid composition alone may provide misleading conclusions regarding the effect of tannins on ruminal BH. In a recent study, Kronberg et al. (2007) investigated the possibility of protecting LNA from ruminal BH in steers by feeding quebrachotreated flaxseed. The authors measured the appearance of LNA in blood after 15 d of experimental treatment, and it was found that tannin treatment did not affect LNA concentration in blood. After 60 d of experimental treatments, we found that tannin supplementation increased LNA concentration in blood and in the muscle. In the study of Kronberg et al. (2007) , the duration of the experimental treatment probably was not sufficient to observe an effect of tannins on the appearance of LNA in blood.
In the present study, we found that the supplementation of quebracho tannins to lambs given fresh herbage or a concentrate diet reduces ruminal BH. In particular, the last step of the BH was inhibited to a larger extent than the previous steps, leading to the accumulation of the trans C18:1 isomers. This has major implications on meat fatty acid profile because VA is the precursor of the endogenous biosynthesis of RA. Also, the meat of the tannin-supplemented lambs had greater percentages of PUFA and decreased percentages of SFA compared with the meat of the animals not given tannins. The effect of tannins on ruminal BH seems to be stronger when they are included into concentrates, rather than with herbage. This result may be partially attributed to the fact that tannins were included into the concentrate before pelletting, whereas they were added to the fresh herbage. We cannot exclude some selection by the animals of the herbage group. These results demonstrate that the inclusion of tannins could be a useful strategy to improve the healthy properties of meat with regards to its fatty acid composition. However, the correct dietary concentration of tannins should be carefully chosen to avoid negative effects on DMI and animal performance. Bars not bearing a common letter differ (P < 0.05).
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